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IN TR O D U C TIO N

Coating colors are composed of colloidal materials which exhibit
a large surface area per unit of mass.

This condition generates

electrokinetic effects which determine numerous important properties
of coating colors including dispersion, viscosity, retention and
possibly adhesion.
The object of this project was to determine the effect of
electrokinetics on adhesion following drying of a clay-cationic
starch coating on paper.

In accomplishing such a goal, measurement

techniques had to be evaluated and possibly adjusted to handle the
materials of the study.

Problems associated with coating colors were

solids, viscosity, and specific gravity.

All of these factors pre

sented a definite problem in electrokinetic measurement.
The scope of this project included the following:

(1) a

literature review of electrokinetic and adhesion theory, and (2)
electrokinetic measurements of both cationic starch and kaolin clay,
(3) pilot coating of the coating colors, (4) adhesion testing of the
coated paper.

1
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REVIEW OF LITERATURE

It has long been known that a solid surface in contact with a
polar liquid usually behaves as if the surface carried an electrical
charge.

Reuss (1) observed in 1808 that a migration of water

occurred when an electric current was passed through a porous dia
phragm of wet clay.

This property was termed electroosmosis.

Further work in the field was done in 1861 by Quinke (2) who studied
electroosmotic flow in single capillaries.

He discovered the

phenomenon of streaming potential, the converse of electroosmosis.
Quinke promoted the hypothesis that there were electrically charged
layers of opposite sign at the solid liquid boundary.
This theory was later advanced in 1879 by Helmholtz (3) in his
discussion of the electrical double layer.

He showed mathematically

that electroosmosis flow was proportional to charge separation in the
double layer.

This charge separation corresponded to the potential

drop across the layer of charge contained in the moving liquid.

The

potential drop was termed electrokinetic potential.
Electrokinetic potential is important in the area of coating
colors because the material is colloidal and exhibits a large surface
area per unit of mass.

This large surface area makes electrical

double layer effects significant.
The concept of the double layer was further developed by GouyChapman (4).

In his discussion, the charged solid surface is sur

rounded by an ionic atmosphere in which the liquid potential is equal
to the zeta potential at the solids surface and decreased exponentially

2
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with increasing distance from the surface.
Stern modified the theory to include an inner region of absorbed
ions (5).

Across this layer of charge, there is a linear change of

liquid potential

. At the outer boundary of the fixed layer is the

surface of shear; at this point the liquid potential is equal to the
zeta potential.

With increasing distance from this p o i n t ^ falls off

exponentially as in a conventional Gouy-Chapman diffuse layer.
The Stern model is the basis of the present electrokinetic poten
tial concept.

It tends to explain more currently observed phenomena

than the earlier theories.
Electrokinetic potentials can be measured by several means as
described in the following Table I (6).

Table I.

Procedures for Measuring Electrokinetic Potentials

Name of
Procedure

Property
Measured

Mobile
Phase

Example

Electrophoresis

Particle
mobility

Particles

Microelectrophoresis
Moving boundary
Mass transfer

Sedimentation
potential

Voltage

Particles

Sedimentation potential

Streaming current
(potential)

Current
(potential)

Liquid

Streaming current
(potential)

Electroosmosis

Pressure
velocity

None
Liquid

Electroosmosis

Of the above mentioned procedures, only the mass transfer tech
nique lends itself to the measurement of coating colors.

Sedimentation
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potential could not be used because the particles sediment too slowly.
Streaming potential and electroosmosis would be impractical since
coating colors and their components'are not easily formed into plugs.
The mass transfer process is a form of electrophoresis.

Micro

electrophoresis has been used for many years in the study of colloidal
and particulate systems.

In this technique, particles are observed as

they migrate in an electric field.

The speed of the particles is mea

sured under a known potential gradient.

The approximate zeta potential

can then be calculated from the equation

HD
where V is the velocity, H is the potential gradient, D is the dielectric
constant and

is the viscosity.

In the case of the mass transfer cell, instead of measuring the
velocity of the particles under a given potential, we measure the mass
of the particles transferred per unit time.

From these measurements we

can calculate the electrophoretic mobility with the following equation:

V,

Aw

electrophoretic velocity cm/sec/volt/cm
-

weight gain of cell
specific conductance ohm ^ cm ^

=

time seconds

/.

=

current amps

<P

=

volume fraction dispersed phase

=

specific gravity of particles g/ml

=

specific gravity of the suspending fluid g/ml
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The electrophoretic mass transfer cell was developed by Sennet (6)
for work on coating colors.

It has been demonstrated (_7,8) that mobility

measurements using this technique are independent of current and time.
In the Sennett and Oliver (6) technique a relatively concentrated
suspension is placed in a cell consisting of two compartments with an
orifice between them.

The cell is so constructed that one portion may

be removed for weighing.

After suspension in this part is weighed

prior to an experiment, the cell is assembled and an electric current
passed through it so that particles exhibiting electrophoretic mobility
will pass through the orifice.

At the completion of an experiment,

the cell is dismantled and reweighed and the mass of material that has
passed through the orifice is calculated.
derive the electrophoretic mobility.

From this, it is easy to

Long and Ross (7) modified the

apparatus by rotating the cell to prevent sedimentation and in this
form it is commercially available.
tion).

(Micromeritics Instrument Corpora

See figure 1, page 10.

Micromeritics’ standard mass transport cell was made of a poly
methylmethacrylate material that is capable of adsorbing 0.7% of its
weight in water (9).

Akers and Riley (10) made two small modifications

in the cell which facilitate accurate weighing in spite of the water
adsorbing characteristics of the cell.
Sennett (6) used the cell to measure the electrokinetic proper
ties of a kaolin clay-anionic starch coating color.

The cell was well

suited to the job because it tolerated relatively high solids systems
with appreciable sedimentation velocities,

Sennett discovered that

anionic starch increased the negative zeta potential of the pigment.
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Further work was suggested at the end of the report but none was done.
The previous mentioned techniques of electrokinetic measurements
are all direct measurements characterized by sophisticated apparatus
and rigorous procedure.

There exist, however, different indirect tech

niques which are much simpler and require only basic hardware.

Dorchak,

Maxim, and Kuist (11) devised an electrokinetic method based on turbidimetric measurements.
starches.

The method was correlated with cationic corn

These workers discovered that at the pH of zero zeta poten

tial, the starch sol exhibits a transmission minimum.
The method is based On the principle that in the electrical double
layer, a reversible transfer of hydrogen and hydroxyl ions takes place.
The net surface charge density for this system is expressed by
Gs = F(Z+ f +

+ Z_ P -)

where
Gg

= net surface charge density

F

= Faraday constant

Z+.Z_

r+r-

= valence including sign
= adsorption density of the

potential determining ions

at the zero point of charge Gg = 0.
The workers compared pH of zero point of charge determined with a
zeta meter and that determined by transmission minimum for fourteen
different starches and obtained a correlation coefficient of 0.98.

They

theorized that the presence of charged ionic groups j.n a swollen granule
creates osmotic forces which swell the granule.
a region of high ionic strength.

The ionic groups create

At the zero point of charge, the ionic

or swelling forces are therefore at a minimum and the granule assumes
maximum density or minimum transmission.
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PRESENTATION OF THE PROBLEM

Review of the literature showed that no systematic study exists
that describes the electrokinetic characteristics of a cationic starchkaolin clay coating color.

Sennett studied anionic starch-kaolin clay.

As a step toward a more fundamental understanding of the mechanism of
cationic starch-clay adhesion, it is proposed to examine the relation
ship between the degree of charge on cationic starch and the starch's
binding strength in a kaolin clay-cationic starch coating.
In a study such as this, it is important to exercise control over
extraneous variables.

The literature review revealed the dependence

of zeta potential on substrate, drying rate, extraneous ions and the
nature of the starch molecule.

In an attempt to control these vari

ables, the cationic starch used in the study was synthesized using the
same basic starch molecule, varying only the concentration of cationic
material on the molecule.

In addition, all water used in the study

was distilled and deionized to eliminate any extraneous ions which
would complicate the system.
The factors of greatest concern for this study are the electro
kinetic potential or mobility of the various cationic starches and clay,
and the binding strength of resultant coating color.

The following

hypotheses regarding the above mentioned factors are proposed for
testing in this study:
1.

There is a definite relationship between the degree of cationic
substitution on a starch molecule and its electrophoretic
mobility in a water dispersion.

7
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2.

The degree of cationic substitution on a starch molecule
should influence its binding strength in a kaolin clay
coating.

It is the broad goal of this study to add to the fundamental
knowledge of cationic starch-clay adhesion.
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EXPERIMENTAL PROCEDURES, MATERIALS, AND EQUIPMENT

Experimental Approach

1.

Five cationic starches were gelatinized and measured for
electrokinetic properties.

Kaolin clay was also measured

for electrokinetic properties.
2.

Five coating colors were prepared from the starches and clay
of (1.) and measured for viscosity and electrokinetic
properties.

3.

The five coating colors from (2.) were coated on a pilot
coater.

4.

The coated sheets were checked for binding strength.

Cationic Starch

The cationic starch used in the program was provided by A.E.
Staley Company and consisted of cationic variations on an acid
hydrolyzed c o m starch.

Five starches were provided which varied the

degree of cationic quaternary amina substitution of the basic starch
molecule.

Clay

The clay used was a No. 2 grade kaolin provided by the Engelhard
Minerals and Chemicals Corporation.

The clay carries the commercial

name, HT.
This clay was selected because of its widespread use and average

9
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particle size.

It is predispersed and has a .8/^average particle

size.

Water

Water used for the study was entirely deionized and then dis
tilled for maximum purity.

Deionization was accomplished by running

through a Bamstead mixed bed cartridge.

Mass Transport Analyzer

Electrophoretic mobilities were run on a Micromeritic Instrument
Corporation electrophoretic mass transport analyzer.

The instrument

discussed in the literature is schematically illustrated in Figure 1.
There was a lack of success in measuring cationic starch on the
mass transport analyzer.

The writer's technique was checked using

clay on the instrument and data agreed with published values.
Table IV, page 17.

See

The problem with cationic starch was verified by

Mr. Douglas Thorton of National Starch and Chemical Corporation (12).
His experience was identical in that there was not enough mass per unit
volume of starch transferred to the negative terminal to measure with
any degree of precision.

His recommendation was the zero point of

charge technique described in the literature review.

Failure data can

be found in the appendix.
The zero point of titration was tried quite successfully showing
an excellent correlation with the supplier degree of substitution
data.

The method is straightforward and is accomplished with equip

ment any laboratory should have access to.
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Zero Point of Charge Technique

Electrophoretic mobilities of cationic starch were indirectly
determined by the zero point of charge technique discussed in the
literature review.

The technique utilized a Bausch and Lomb Spectronic

20 colorimeter set at 550m

, an accurate pH meter (Corning Model 7)

and a 50 ml buret.
A sample of starch sol (0.1% solids) was checked for initial pH
and transmission.

Titrant 0.025N sodium hydroxide was added and a pH

and transmission measurement was taken after each addition, until the
end point of the titration (the transmission minimum) was achieved.
The point of zero zeta potential correspond to the minimum transmission.
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Sample Preparation

The coating materials were prepared for testing and coating with
the following conditions:
1.

Starches were cooked at 10% oven dry solids for 20 minutes
in a stainless steel double boiler @ 95°C until gelatinization
was complete.

Water was then added to bring the sample back

to 10% moisture.
2.

Clay-starch coating colors were dispersed for 5 minutes at
high speed in a Waring blender.

Coating

Clay-cationic starch coating colors were applied on a Keegan lab
oratory pilot coater.

Application was performed in the rod coating

mode using a No. 12 wire wound rod and applicator roll against the web
direction.

Speed was 6 feet/minute with 220°F high velocity forced
2

air drying.

Coat weight was manually controlled at 4 lb./3,300 ft. .

Binding Strength Testing

Binding strength evaluations were carried out with an IGT printability tester under TAPPI atmospheric conditions using a D-7 polyisobutene ink.

Results are reported in W P

(velocity-viscosity product)

units at the first significant continuous coating pick.

Fiber pick

occurred at higher velocities than the coating pick.

Basestock
Basestock was a bleached kraft, hardwood-softwood coating base

R eproduced with permission o f the copyright owner. Further reproduction prohibited without permission.
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2

30.5 lb./3,300 ft. .

The basestock was moderately alkaline sized

and was provided by Northwest Paper Company.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PRESENTATION OF RESULTS

Cationic Starch

Table II - Supplier data

Code
Number

%
Moisture

0

11.0

% N
Dry Basis

% N*
(Corrected)

Degree of
Substitution

0.05

0

1

9.5

0.11

0.06

.007

2

9.8

0.17

0.12

.014

3

10.5

0.22

0.17

.020

4

10.5

0.27

0.22

.026

5

10.5

0.34

0.30

.035

Table III - Research data

Code
Number

*

pH

Brookfield Viscosity
60 rpm 25°C______

Viscosity
@ 5% Solids

1

7.0

3,000 cps

60 cps

2

7.4

2,200

71

3

7.4

640

37

4

7.6

350

24

5

7.7

155

15

Corrected of the protein in starting starch, code 0

14
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Table III - Zero Point of Charge Titration Data

Titrant - 0.25N NaOH
Starch Solids - 0.1%
B. and L. Spectronic 20

ml NaOH

r
Starch

550in^c

£H

% Transmission

.00

5.90

54.5

1.00

8.40

52.0

2.00

8.90

51.0

3.00

9.10

51.0

4.00

9.30

50.5 Z.P.C.

5.00

9.45

51.0

6.00

9.65

51.0

’5.00

9.20

55.0

10.00

9.50

54.0

12.00

9.60

53.0 Z.P.C.

14.00

9.70

53.0

16.00

9.80

54.0

20.00

10.00

54.0

30.00

10.20

55.5

10.00

9.60

60.0

20.00

10.10

58.0

25.00

10.15

57.5 Z.P.C.

30.00

10.20

58.0

V 3 5 .00

10.25

59.0

<

No. 1

Starch

Starch
No. 3
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Titration Data (Continued)

% Transmission

ml NaOH
/20.00

10.00

61.0

25.00

10.15

60.0

30.00

10.30

60.0

. 35.00

10.35

59.8

I 40.00

10.40

59.5 Z.P.C.

V.50.00

10.60

60.0

p.5.00

10.20

79.0

I 50.00

10.55

77.0

\55.00

10.60

77.0

/ 60.00

10.65

76.0

70.00

10.70

76.0 Z.P.C.

1 100.00

10.90

80.0

Starch
No. 4

Starch
No. 5
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FIGURE 2
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70

STARCH
STARCH

60
STARCH

STARCH I

50

PH

R eproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table IV - Kaolin Clay

Mass Transport Analyzer Data
20% Solids No. 2 Kaolin Clay

Trial

Specific
Conductance *

.

Time
Sec.

, j

?

ma

w

\/
YIj
jL.
C
**

1

7.55 X 10-4

2.0

.0928

600

4.71

2

7.55 X 10~4

2.0

.1005

600

4.85

3

7.66 X 10-4

2.0

.0903

600

4.69

4

9.78 X 10-4

2.0

.0748

600

4.85

5

9.78 X 10~4

2.0

.0742

600

4.81

Sennet, Oliver, Morris (6) data similar clay
a

7.29 X 10-4

4.81

.2329

600

4.64

b

7.55 X 10-4

4.82

.2238

600

4.56

*ohm ^ cm ^
**cm sec ^/volt cm

Table V - Coating Color

Formulation
Wet g

Dry g

Clay

230

156.5

Cat. Starch

194

19.4

Water

466

--

Total

890g

175.9g

3$ Solids
19.7

% binder on pigment - 12.4
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Table VI - Color Condition

Sample No.

pH

Brookfield Viscosity

1

7.1

250

2

7.0

325

3

7.1

275

4

7.0

185

5

7.1

190

60 rpm
cps

Table VII - Coated Paper

IGT Binding Strength
D-7 Ink 73°F

IGT
WP

Sample

1

-

0

2

6.0

3

27.6

4

34.4

5

36.6
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FIGURE 3
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FIGURE 4

BINDING
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FIGURE 5
BINDING STRENGTH VS.

pH

for starch coating no. 3
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DATA SUMMARY

Table VIII

Starch
Sample No.

pH of
Z.P.C.

Degree of
Cation Substitution

IGT
WP

1

9.3

.007

0.0

2

9.6

.014

6.0

3

10.1

.020

27.6

4

10.4

.026

34.4

5

10.7

.035

36.6

23
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EXPERIMENTAL RESULTS AND DISCUSSION

Initial viscosity measurements on the cationic starches indicated
that the increased charge on the starch molecule had a side effect of
reducing the starch viscosity.

The viscosity of the mixed coating was

more uniform than the starting starch.

This resulted in uniform coat

weights over the range of coating colors with the same coating condi
tions (4.0 lbs./3,300 ft.^).
Uniform coat weights and basestock should insure that the
variation in binding strength observed in Figure 3 was due to
differences in the binder-namely cationic charge.

This relationship

of binding strength to zero point of charge was very similar to the
relationship between the binding strength and of degree of cationic
substitution shown in Figure 4.
of charge data.

This gave validity to the zero point

The results indicated that the cationic charge on

the starch molecule was increasing the binding strength of the starch
on the clay.
The binding strength data would only be valid if the coating were
done in a uniform manner.

Rod coating on a draw-down block would not

insure this kind of uniform coating.
A Keegan coater was selected because of material quantity con
siderations, plus the need for reproducible drying.

Binding strength

testing would only be meaningful on sheets dried in a consistant
manner.

The binding results represent the binding strength of the

24
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coating, not the basestock since all pick measurements were coating
pick and not fiber failure.
One might argue that the differences in coating pick were due to a
variance in adhesive migration and not to the cationic material.

In an

attempt to disprove this theory, scanning electron micrographs were
taken at 3, 5, and 10,000 times magnification.

These picutres are shown

in Figure 6.

FIGURE 6

10,000X
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FIGURE 6
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The shots reveal no visible differences in surface binder in any of the
five samples.
The mechanism of increased adhesion observed in this study is quite
complex.

Kline (13) deduced that cationic starches are more readily

adsorbed on kaolin clay than oxidized starch.

This would suggest that

the starch with the higher cationic charge was more completely adsorbed
on the clay particles and developed a greater bonding area and resultant
binding strength.
Another possible theory is that of Skinner and co-workers (14) and
Deryaguin and co-workers (15) who theorized that electrostatic attraction
between charged layers caused an adhesive force.
Voyutskii (16),however, disputed this theory and posed arguments
which limit its validity.
A, perhaps, more valid theory would be the effect of cationic charge
on secondary valence forces, namely hydrogen bonds.

Janes (17) dis

cusses the importance of the hydrogen bond in the adhesion of starchcellulose.

The bond is electrostatic in nature; and, therefore, should

be influenced by the electrostatic effect of the cationic starch.
McLaren and co-workers (18-20) found that adhesion was proportional
to polar group concentration between cellulose and high polymer adhe
sives.

Perhaps polar group concentration in his study is equivalent to

the degree of cationic charge in the study at hand.
Figure 5 shows what happened when one of the coating colors was al
tered by the addition of sodium hydroxide to change the zeta potential of
the system.

This data further substantiates the claim that the bonding

strength of a cationic starch coating color is very much related to its
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zeta potential.

This relationship tells us we must optimize the zeta

potential of the coating color to get maximum binding strength.
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SUMMARY AND CONCLUSIONS

Both direct and indirect electrokinetic measurements were made
on kaolin clay and a range of cationic starches.

The direct method

was performed on the mass transport analyzer which functioned quite
well for kaolin clay, but was not usable for cationic starch or the
mixed coating color.

The indirect method, zero point of charge tech

nique, was used for cationic starch and functioned very efficiently.
Results for kaolin clay agreed with literature values and re
sults for cationic starch correlated with related supplier data.
These values were then correlated with I.G.T. binding strength on
paper coated with color made from kaolin clay and the range of
starches.

The results are summarized below:

1. Mass transport analysis does not lend itself to the
measurement of cationic starch or related coating color.
2. The zero point of charge technique was an excellent method
for the electrokinetic measurement of cationic c o m starch.
3. Binding strength correlated very well with a). pH of the
zero point of charge of the starch, b ) . degree of cationic
substitution of the starch.
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APPENDIX

Additional test data compiled by Zafar Chaudhri at Western
Michigan University using the starches described on page 9 of this
paper were listed below.

The work utilized a streaming current

detector.

STARCH
NO

%
TRANSMISSION

pH__

S.C.D.
READING

pH of Z.P.C.
(writer)

1

66

6.65

+12

9.3

2

62

6.50

+22

9.6

3

45

6.42

+30

10.1

4

47

6.33

+30

10.4

5

63

6.58

+32

10.7

After titration with NaOH the following was obtained:
1

69

11.49

-18.0

---

2

62

11.57

-13.5

---

3

58

11.62

-1.6.0

---

4
5

34
50

10.72
10.70

- 2.0
0.0

-----

These results verify the writer's findings in that the S.C.D.
readings correlate very well with pH of Z.P.C. data as well as the
degree of substitution data from the starch supplier.

The data also

verifies the transmission zeta potential property described in the
literature.

Note that on starch No. 5, the pH of Z.P.C. determined by

the writer 10.7 matches the pH of zero streaming current 10.7.
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Additional data were also included to verify the cationic starch.
Below is listed mass transport failure data for the cationic starches of
this study.

SAMPLE NO.

TIME SEC.

5-1

4.80 X 10-4

2.0

.0355

300

---

5-2

4.80 X 10-4

2.0

.0200

300

---

5-3

4.80 X 10~4

2.0

.0057

300

___

The above data cannot be tabulated because a minimum of 0.3g must be
measured for a valid calculation.

It appears the specific gravity of the

particle measured must be significantly greater than the suspending medium
to use this technique.
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